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REPORT SUMMARY 
Multiple refrigerant channels are essential for improving system efficiency in 
refrigeration and air-conditioning systems. A study was conducted to study the use of 
micro-electrical-mechanical-systems (MEMS) and micro device technologies to 
improve current vapor compression refrigeration cycles. The first step toward realizing 
this goal, and the focus of this report, is to determine how to better control multi-
channel evaporators by reducing refrigerant maldistribution among channels. 
Background 
Refrigerant is usually expanded in a single throttling device and then distributed to 
each channel. Distribution of two-phase refrigerant flow is complicated and often 
unreliable. The impact of sub-optimal performance of evap'orators to heat-pump 
owners is that for every degree of superheat the system requires for stable operation, 
the cost of heating and cooling increases. The impact for heat-pump manufacturers is 
that the increased cost of operation makes it more difficult to compete with natural gas 
and fuel heaters. The impact to electric utilities is that less electric power is sold to 
customers. Finally, the impact to the environment is that potentially more polluting fuel 
oil and poorly maintained natural gas heaters are used by small users, rather than 
using power generated by regulated, low-pollution power plants. 
Objectives 
• To summarize the market potential of MEMS technology for use in evaporators and 
micro-heat pumps 
• To examine an experimental investigation of refrigerant-side maldistribution in 
multi-channel plate heat exchangers (PHEs) 
Approach 
An experimental facility was designed and constructed that had unique capabilities. 
The facility was used to: 
• Test multi-channel plate evaporators during normal operation 
• Test specially designed pairs of evaporators where maldistribution could be 
induced in a controlled manner and measured 
v 
• Compare four different techniques for detecting the presence of droplets in the 
stream of superheated vapor at the evaporator exit to give an indication of 
maldistributed flow 
Results 
Comparison of the four techniques showed that the MEMS sensor designed and 
fabricated in this project has the highest potential for indicating maldistribution, which 
is manifested by entrained liquid droplets, in multi-channel evaporators. A complete 
set of test results in the time and frequency domain is shown in graphical form in the 
appendices. The design, fabrication, calibration, and testing of the MEMS serpentine 
resistance sensor is also reported, along with a control scheme and strategy for 
implementing the MEMS sensor in multi-channel evaporator systems. 
EPRI Perspective 
With the advent of MEMS fabrication techniques, there is interest in creating micro-
fabricated vapor-compression heat-pumps for heating and cooling. The report 
documents an initial investigation of differing competing cycles for use in micro-heat 
pump configurations. By utilizing some MEMS fabrication technology, combined with 
layered manufacturing, the researchers have concluded that the fabrication of an 
efficient, low-cost mesoscale heat-pump is potentialy feasible, based on a cooling 
system as outline in the report. These heat pumps, which are being developed, can be 
economically mass.,.produced to created a flexible cooling material. 
TR-111699 
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ABSTRACT 
This report details the efforts to exploit micro-electrical-mechanical-systems (MEMS) 
and micro device technologies to improve control of multi-channel evaporators by 
reducing maldistribution among channels, and increase capacity and efficiency of 
current vapor-compression refrigeration chillers and heat-pumps. Besides 
summarizing the market potential of MEMS technology for use in evaporators and 
micro-heat-pumps, the report describes the accomplishments of an experimental 
investigation of refrigerant-side maldistribution in multi-channel plate heat exchangers 
(PHE's). A special test facility designed for the purpose of studying the 
maldistribution of refrigerant in evaporators is described in the report. The facility 
allows maldistribution caused by either normal superheat temperature control, or 
induced by the user in controlled amounts, to be measured and quantified. Four 
different techniques were used to detect the presence of liquid droplets in the stream of 
superheated vapor at the evaporator exit, an indication of maldistributed flow. They 
are: Helium-Neon laser, beaded thermocouple, static mixer and newly designed heated 
MEMS sensor. Comparison of the four techniques shows that the MEMS sensor 
designed and fabricated in this project has the highest potential for indicating 
maldistribution, manifested by entrained liquid droplets, in multi-channel evaporators. 
A complete set of test results in the time and frequency domain is show in graphical 
form in the appendices. The design, fabrication, calibration, and testing of the MEMS 
serpentine resistance sensor is also reported, along with a control scheme and strategy 
for implementing the MEMS sensor in multi-channel evaporator systems. 
vii 
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1 
INTRODUCTION 
Large heat-pumps, refrigeration and air-conditioning systems often utilize a multi-
channel tubular evaporators or plate heat exchangers. Multiple refrigerant channels are 
essential for improving system efficiency. Refrigerant is usually expanded in a single 
throttling device and then distributed to each channel. Distribution of two-phase 
refrigerant flow is complicated and often unreliable. Several types of distributors are 
used: orifice tube, plate or similar type, phase separator type, centrifugal or two-phase 
flow separation types, etc. All these distributors are static devices with no feedback 
loop. Very frequently systems suffer due to maldistribution of refrigerant flow within 
evaporator passes, because the refrigerant flows are affected by air-side (or liquid-side 
in the case of water chillers) maldistributions such as uneven frosting or fouling, or non 
uniform inlet velocity or temperature profiles. The nature ,of two-phase evaporating 
flow itself causes flow pulsations. All these effects distribute heat load unevenly 
among the individual refrigerant channels. Since an active means is not used to adjust 
flow rates in each channel, the resulting maldistribution causes either unstable 
operation (hunting) or sub-optimal operation of the evaporator and the whole system 
due to very high superheat needed,to stabilize system operation. In the case of heat-
pumps, this inherent inability to respond to uneven frost formation also degrades 
performance by constraining heat exchanger design. 
The impact of sub-optimal performance of evaporators to heat-pump owners is that, for 
every degree of superheat the system requires for stable operation, the cost of heating 
and cooling increases. The impact for heat-pump manufacturers is that the increased 
cost of operation makes it more difficult to compete with natural gas and fuel heaters. 
The impact to electric utilities is that less electric power is sold to customers, than 
would be if heat-pumps were more competitive with fuel oil and natural gas. The 
impact to the environment is that potentially more polluting fuel oil and poorly 
maintained natural gas heaters are used by small users, rather than using power 
generated by regulated, low-pollution power plants. 
In this project, we investigated independently controlling multi-Channel evaporators 
using MEMS micro-valves with active feedback from MEMS sensors to improve the 
performance of evaporators. Of course, the same feedback system could be 
accomplished with normal-scale valves, and the attendant sensors, circuitry, and 
controllers. However, such systems are big, expensive, and add a fair degree of 
complexity when used to control each channel independently, and thus would not be 
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adopted by industry. MEMS fabrication technology enables a cost effective, compact, 
and reliable control strategy to be implemented. 
The ultimate goal of this investigation is to combine MEMS flow control valves with 
MEMS sensors, circuitry, and control algorithms. However, as it became clear at the 
outset, much work was needed first to determine the parameters to sense at the input 
and output of the evaporator in order to control its operation. The primary goal of this 
first effort was to determine the types of sensors that can be reasonably integrated with 
MEMS valves and circuitry. Clearly, if complicated calorimeters and circuitry were 
required to determine the liquid mass fraction (LMF) leaving an evaporator, our goal of 
using MEMS valves would be lost. In addition, typical evaporators with 
maldistribution operate fairly far from equilibrium, with the output containing 
superheated vapor at TS.H., liquid at the saturation temperature below TS.H., and 
compressor oil with absorbed liquid refrigerant in quantities determined by flow 
conditions such as pressure, and temperature. Oil typically circulates at a concentration 
of 0.2 to 0.3% in small chiller systems using hermetically sealed scroll compressors, like 
the one used in this study. The mass of liquid refrigerant, depending on the operation 
of the evaporator and the degree of maldistribution, can come in slugs of liquid, in a 
misty cloud of droplets entrained in the vapor, or in sheets along the walls of the 
passageway. In general, the type of liquid present changes with time, both on a fairly 
fast scale associated with evaporator dynamics, and on a much slower time scale 
associated with changes in the overall system. Complicating this picture further is the 
presence of liquid oil on the measurements, which can mimic liquid refrigerant in some 
types of measurements. Thus, determining in a robust way how much liquid 
refrigerant leaves the multi-plate evaporator is not a simple task. 
. Therefore, our first task was to create a multi-channel evaporator and test section in 
which we could create, measure, and analyze a known amount of liquid mass fraction 
(LMF) of refrigerant leaving the evaporator. To do so, we constructed a refrigeration 
system that is completely described in this report, in which every aspect of the 
refrigerant could be controlled and measured. To determine the appropriate sensors to 
measure the LMF, a test section which included thermocouples, MEMSsensors, laser 
light scattering sensors, flow mixers, and a calorimeter was employed. From the 
experiments conducted, our second task was to determine a robust method to sense the 
amount of liquid refrigerant present in the evaporator stream, independent of the oil 
present and the type of liquid flow, as will be described in this report. Our third task 
was to fabricate several types of MEMS resistance sensors and test them to see if they 
provide robust measurements of LMF. The final design of the MEMS sensors is 
presented and described, along with recoinmendations for further improvements that 
can be made. A simple circuit to drive the sensor and provide feedback is shown as 
well. Our fourth task was to analyze the data to propose different control methods of 
MEMS thermopneumatic valves supplied by Redwood Microsystems. Our conclusion, 
based on the data given in this report, is that it is indeed possible to develop relatively 
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simple MEMS valves, sensors, and circuitry to control the LMF leaving a multi-channel 
evaporator. With control of the LMF, such that instabilities are damped out during 
operation, the degree of superheat can be significantly reduced, without 
maldistribution driving the whole system unstable, thus potentially improving the 
efficiency of operation of the system. 
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2.1 Historical and technical perspective 
Plate heat exchangers (PHE's) were first introduced in the mid-20th century for liquid -
liquid applications. Applications as evaporators and condensers came much later. 
Early designs for liquid -liquid heat exchangers were bolted together using gaskets 
between the plates. These PHE's are very bulky, and are only useable for low-pressure 
applications. Such designs are still in use today, often in process industries where 
hygiene issues are important. 
In order to reduce the weight and size and allow higher operating pressures, brazed 
PHE's were developed. Initial processes used copper alloys for brazing. Later 
developments included nickel and aluminum brazing. The auto industry has made 
significant contributions to the development of aluminum evaporators for the direct 
cooling of air. Stainless steel plates are better suited for evaporators that will be used 
for cooling of liquids, and where h~at exchanger weight is not important. Nickel 
brazing of stainless steel is used when fluids are not compatible with copper (ammonia 
for instance). Due to much easier brazing and lower cost, copper brazed plate heat 
exchangers are much more common. 
Many steps have been made to improve the heat transfer performance of PHE's. 
Chevron-type flow obstructions and structural elements were introduced in the early 
stages of PHE development. They are commonly used today, especially for heat 
exchangers where one fluid is water. Significant, but still insufficient, work is being 
done to optimize the chevron angle, pitch, and shape. 
Automotive AIC manufacturers have had a significant impact on the design of plate 
heat exchangers. They were the first to introduce plate evaporators for the cooling of 
air. They were also first to use thin aluminum sheets for building evaporators. Many 
significant improvements were also made to the shape of the plate for improved 
performance. Chevrons were substituted with shorter and shorter elements that 
evolved into hemispherical shapes. Recent heat exchanger developments are very 
interesting, going in some other directions called hybrid designs (microchannel and 
plate). Automotive engineers were first to use circuited (multi-pass) PHE designs. 
Circuiting gives the designer more flexibility to closely match hot and cold fluid 
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temperatures. Evaporators and condensers in which the high heat capacity fluid is 
water still almost exclusively use designs with single-pass parallel channels. 
An additional variation is the semi-welded plate evaporator design. The two plates 
that create a refrigerant pass are welded together and then gasketed to form the whole 
evaporator. This has the advantage of eliminating the large, vulnerable gasket on the 
refrigerant side. These large gaskets are often prone to leaking refrigerant. A semi-
welded evaporator can be cleaned and inspected at the chilled fluid side. 
Plate evaporators are used in direct expansion (DX) and flooded evaporator systems. 
Flooded evaporators are such designs where the refrigerant exit is typically wet vapor 
with quality ranging from 0.2 to 0.9. This design requires an additional vessel after the 
evaporator, and sometimes a circulating pump. Flooded designs are superior in 
performance to DX type of evaporators because heat transfer rates in the two-phase 
zone are much higher. It is known that the heat transfer on the refrigerant size is a 
strong function of the quality. The worst performance of a DX evaporator surface is at 
the evaporator exit (in the superheated zone) because heat transfer coefficients there are 
at least an order of magnitude lower than in the two-phase zone. 
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Figure 2-1 shows the dramatic reduction of refrigerant side heat transfer coefficient at 
very high quality for all fluids. For R12, a typical representative for all other 
refrigerants, the heat transfer is more than ten times smaller at high quality (0.95 to 1) 
than almost all other qualities. Moreover, heat transfer coeffiecients in the superheated 
region are significantly lower than even these high qualities. For DX evaporators fed 
by thermostatic expansion valves (TXV's) a large portion of the refrigerant side heat 
exchanger area is not adequately used. 
Direct expansion systems are used when the expense of an additional vessel, or the 
volume and weight limitations, prevent flooded systems from being a viable option. 
The majority of DX systems are fed by thermostatic expansion valves. The typical 
quality at the evaporator inlet is 0.15 to 0.25, which is a function of the refrigerant used 
and operating parameters (condensing and evaporating pressures, and subcooling in 
the condenser). Superheats at the exit of DX finned tube evaporators controlled by the 
TXV's are in the order of 4 to 5°C. Plate evaporator are typically even higher (8 to 
10°C). The existence of superheat is essential for TXV operation, but it is obvious from 
the previous paragraph that the reduction of superheat (and superheated zone area) 
would have very positive effect on evaporator performance, or it's size. 
The inlet to the evaporator is a low-quality mixture of liquid and vapor. Such a 
mixture is difficult to distribute with equal quality to each channel at all operating 
conditions. Uniform distribution inside each plate is essential to provide good wetting 
and heat transfer performance. Maldistiibution within a single plate and among 
several plates results in the presence of liquid droplets entrained in superheated vapor 
at the evaporator exit. Plates with ~ther more liquid at the inlet, or less heat load, 
would have droplets at the exit. Those plates with less liquid, or higher heat load, 
would have only superheat at the exit. The presence of liquid droplets at the exit can 
cause the temperature sensing bulb of a TXV to detect a false reduction in superheat 
temperature. The TXV reacts by restricting the flow, consequently increasing superheat 
even further, and decreasing evaporator performance. It has been measured that in 
some cases it is necessary to operate plate evaporator with superheat even as high as 
12°C to obtain stable superheat. 
Why evaporator performance and size suffers from to high superheat is due to reduced 
heat transfer in the superheated zone. Figure 2 shows the typical portion of the 
evaporator occupied by the superheated vapor based on manufacturer's data. The 
potential increase in performance for a well-fed plate evaporator compared to a typical 
case could be approximately 30%. This defines the potential savings in initial cost that 
could be achieved based on the heat exchanger surface reduction. 
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Figure 2-2 
Increase in heat exchanger surface to achieve higher superheat at the evaporator 
exit (based on P.H.E. calculation software - SWEP ver.96.11) 
Long term savings could be expressed through reduced energy consumption. A 
suboptimally fed evaporator that experiences a large superheated zone would require 
longer on cycles of the compressor, and also reduced evaporating temperature. Both 
consequences increase the power needed for cooling. In order to compensate for the 
less efficient heat exchanger surface area the evaporation temperature is lowered. As 
shown in Figure 2-3, low evaporating temperatures cause a reduction in COP 
(coefficient of performance) which translates into more power required to run the 
compressor. 
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Figure 2-3 shows that for R22 at 45'C condensing temperature, the reduction of COP is 
35% when the evaporating temperature is decreased by 10DC. That means that the work 
required, e.g. electrical energy, is higher for the same COP in a poorly distributed plate 
evaporator. 
All manufacturers recognize the importance of refrigerant distribution. Current 
distribution methods are passive, consisting of many small tubes that direct flow to the 
evaporator channels. The approach proposed by this study goes beyond this thinking. 
It aims to actively control distribution, with significantly reduced (if any) superheat. 
It is interesting that control and distribution issues attracted more attention from the 
manufacturers of heat exchangers for stationary applications. These applications are 
much more pressed by efficiency requirements than mobile. Mobile users were much 
more innovative in structural design. Nevertheless, we expect to see significant change 
in attitude of manufacturers of mobile a/ c systems. It is due to the change standards 
for vehicle fuel economy. Namely, proposed fuel economy tests with a/ c system on is 
accepted and good refrigerant distribution that significantly influence system efficiency 
will be one of the opportunities to reduce the fuel consumption. 
2.2 Current applications 
Plate evaporators are recently gaining great market share. They offer more 
compactness, significant reduction in weight, and competitive prices. A brake-down of 
current applications could include the following: 
1. Industrial 
(a) Process chillers 
Very frequently these PHE's are made for liquid to liquid service. Design is 
mostly plate and frame but not exclusively. 
(b) Dairy chillers 
These PHE's are mainly plate and frame types, almost exclusively gasketed to 
allow for frequent cleaning. They are sold in large capacities (hundreds of 
tons). 
2. Commercial 
This market is predominantly served with brazed plate heat exchangers (BPHE). 
Capacities are from 1 to 100 tons. Heat exchangers are used for both evaporators 
and condensers. 
(a) HV AC chillers 
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(b) Chillers for supermarkets with secondary loops 
3. Residential 
(a) Heat-pumps 
(b) Air conditioners 
4. Mobile 
This application is almost exclusively served with aluminum evaporators because 
due to weight limitations. Service life is relatively short compared to other 
applications. Mobile evaporators are characterized by small sizes (up to four tons) 
and are mass produced. This type of PHE is exclusively used for evaporators in 
direct expansion versions for air cooling. 
2.3 Potential energy savings 
Prior to the January 1996 ban on the manufacture of chlorofluorocarbon (CFC) 
refrigerants, some 80,000 large tonnage CFC chillers were in operation. The ARI report 
states that only 24% of the original CFC chillers have been either converted or replaced 
as of January 1, 1997. They predict that there will be 1,307 conversions and 4,181 
replacements in 1997, leaving 69% of the original CFC chillers in service. As the supply 
of stockpiled CFC's is depleted, it will become increasingly expensive to keep the CFC 
chillers in service. Ultimately, it will become more cost effective to replace the 
remaining 55,000 CFC units with more efficient chillers. 
It could indicate that potential replacement of large chillers could be 15,000 units 
annually. With the average capacity on the order of 1000 tons (3000 kW) and a COP of 
2.5 operating for 2000 hours per year, the energy to run the compressor could be 
estimated as (3000kW /2.5)x2000 hrs = 240GWh per unit. With better utilization of 
evaporator surface area and higher evaporating temperatures, a 20% increase in COP 
can be expected. This could translate into a savings of 480 ~ per unit. 
Replacement and modernization should also continue to feed the market for central air 
conditioners and heat-pumps. The ARI reports that unitary shipments, including heat-
pumps, have been rising steadily over the past 4 years, totaling nearly 5.6 million units 
in 1996 alone. According to the ARI, shipments of commercially-sized heat-pumps (5.4 
tons and up) total 187,000 units annually. This accounts for approximately 20% of the 
nearly 1 million heat-pumps shipped every year. Assuming that a 20% performance 
increase is possible, the energy savings could be 0.2x(60kW capacity)/(2.5 COP)x(2000 
hr) = 9600 kWh per unit. 
Commercial refrigeration has recently been attracted to the practice of indirect 
refrigeration, whereby the chiller cools a secondary refrigerant which then cools the 
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food compartments. There are thousands of supermarkets in Europe and hundreds in 
the U.S. that are converted to this type of system. The typical size of a supermarket 
refrigeration system is 150 tons (450 kW). Keeping in mind that there are more than 
30,000 large tonnage supermarkets that.operate 80% of the time (0.8 x 365 days x 24 hr 
= 7000 hr annually) with a COP of 2. A 20% performance boost translates into 1575 
MWh energy savings per unit annually. With a 15% conversion rate, the entire 
industry could save 7090 GWh per year. 
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EXPERIMENTAL FACILITY 
3.1 Parallel Plate Evaporator Test Facility 
The refrigeration system used in this study was built in the Laboratory for Plate Heat 
Exchangers at the University of illinois in Urbana-Champaign. A photo of the test rig 
appears in Figure 3-1. It is designed to simulate evaporator operating conditions 
typical of water chillers of less than 60 ton (210 kW) capacity using plate heat 
exchangers for evaporation. The facility consists of three main parts: the refrigerant 
loop, the water loop, and the evaporator exit test section, all of which will be discussed 
in this section. Later, in section 3.2, the facility instrumentation is detailed. The data 
acquisition system is described in section 3.3. 
Figure 3·1 
Experimental facility 
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3.1.1 refrigeration flow loop 
The refrigeration loop contains the four necessary elements of a vapor-compression 
cycle refrigeration system: compressor, condenser, expansion device, and evaporator. 
In addition, there is a receiving tank for collecting high pressure liquid from the 
condenser, a liquid subcooler, and instrumentation for monitoring process conditions. 
The system schematic is shown in Figure 3-3, where solid lines represent refrigerant 
lines, and dashed lines represent water lines. The compressor is a Copeland model 
ZR61K2 hermetically sealed scroll compressor. The refrigerant is R22. Mineral oil 
circulates through the entire flow loop, including the test section, and is necessary to 
lubricate the compressor. A common problem in these types of systems is oil 
accumulation in the evaporator when operating at high superheats, which reduces 
evaporator capacity, and could influence refrigerant side maldistribution. 
Immediately on the discharge side of the compressor is a SWEP model B15x60 
condenser. Condensers like this one are often used in unitary AIC systems. Building 
cold water supply is used as the cold fluid in the condenser, which operates in a 
counter flow arrangement. Condensing pressure is adjusted by a manually set water 
flow control valve that is activated by compressor discharge pressure. A receiver is 
installed downstream of the condenser to collect the high pressure liquid before 
entering the liquid subcooler. The subcooler is also a SWEP design plate heat 
exchanger model B8x20. A flexible, albeit complicated, water flow loop allows for a 
wide range of achievable subcooled temperatures. The water flow loop is discussed in 
more detail in section 3.1.2. Typically, building cold water supply is circulated through 
the subcooler to provide a subcooled refrigerant temperature of 16°C before the 
expansion device. Colder subcooled temperatures can be attained by circulating cold 
water from the evaporator through the subcooler. 
Sub cooled refrigerant is then divided into two branches, the main evaporator and the 
secondary evaporator. In accordance with Task IT of this project, this combination of 
the main and secondary evaporators constitute a parallel-pass evaporator in which 
maldistribution can be induced. Both evaporators are fed through manual expansion 
valves. Manual control allows the flow through each expansion valve to be precisely 
controlled such that the main evaporator operates at a low capacity with high exit 
superheat, while the exit of the secondary evaporator in the quality region. The exit 
streams reunite prior to the test section such that the combined flows, superheated 
vapor from the main evaporator and high quality refrigerant from the secondary 
evaporator, closely simulate the unsteady exit conditions of a plate evaporator. The 
unsteady exit conditions of a TXV-controlled plate evaporator were first explored in a 
series of tests using only the main evaporator. 
The main evaporator is fed by a ALCO series TCL thermostatic expansion valve (TXV) 
that has been modified for manual operation. The temperature sensing bulb and 
diaphragm assembly have been replaced with a micrometer handle attached directly to 
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the valve stem cage assembly. The micrometer handle allows for precise control of 
evaporator feeding, and eliminates hunting problems associated with conventional 
TXV's that would add an additional layer of complexity to the multi-pass evaporator 
system. Operating at a fixed expansion valve position also permits the investigation of 
evaporator dynamics, independent of TVX dynamics, over a wide range of superheat. 
The main evaporator is a SWEP model B15x40 3-ton (10.5 kW) capacity parallel plate 
heat exchanger. It consists of 19 refrigerant passages and 20 water passages operating 
in a counter-flow configuration. The plates have chevron style contours to enhance 
heat transfer. Two-phase refrigerant enters at the bottom of the evaporator, evaporates 
vertically through the plates, and exits as superheated vapor at the top side of the 
evaporator. The heat load to the evaporator is supplied by water from the water 
reservoir. Thermocouples located immediately at the entrance and exit of the 
refrigerant and water streams monitor process conditions. Care was taken to position 
the exposed bead of the refrigerant exit thermocouple at the center of the exit pipe cross 
section. 
Figure 3-2 
Photo of main and secondary evaporators, test section, and Instrumentation. 
The secondary evaporator is somewhat unconventional because it is designed to add 
only small amounts of high quality refrigerant to the test section. Flow rates through 
the secondary evaporator from 0 to 1.5 g/ sec provide LMF's in the test section from 0 to 
3%, depending on main evaporator exit conditions. Since the flow rate is so low, and 
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complete evaporation is not desired, the secondary evaporator requires a very small 
heat load. Sufficient heat can be generated, if and when needed, by the ambient air so 
that a secondary fluid is not needed. The evaporator is simply a 12 inch long by 1,4 inch 
diameter copper tube which has been brazed shut at one end. Then several small holes 
were drilled in that end such that a uniform spray of high quality refrigerant can be 
injected into the test section along the stream wise direction. A small needle valve with 
a micrometer handle acts as the expansion device for the secondary evaporator. Two 
thermocouples monitor the expansion process. One measures the subcooled liquid 
temperature just upstream of the valve, and the other measures the saturation 
temperature within the evaporator tube. 
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Schematic of test facility 
3.1.2 water flow loop 
o 
o 
Secondary 
Evaporator 
At the heart of the water loop, shown in dashed lines in Figure 3-3, is the 15 Liter (4 
gallon) water mixing tank. A Teel Y2 hp centrifugal water pump draws water from the 
bottom of the mixing tank, and pumps it through the evaporator. Chilled water from 
the evaporator then recirculates back to the mixing tank. At the same time, some of the 
hot condensing water is diverted into the mixing tank. The hot condensing water and 
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chilled water from the evaporator mix in the tank and provide the appropriate inlet 
water temperature. Water flow rate is controlled via a bypass line and throttling valve 
connected between the pump discharge and' the mixing tank. A drain hose located 20 
em above the bottom of the tank keeps -the water level in the mixing tank constant. 
The water flow loop is flexible enough to provide a wide range of subcooled refrigerant 
temperatures from 4 to 25°C. There are two ways to configure the water loop in order 
to achieve this range. First,building cold water supply can be routed directly through 
the sub cooler and on into the drain. This gives a functional range of 12 to 25°C. 
Second, a small percentage of chilled water from the evaporator can be routed through 
the sub cooler to reach the lower end of the range from 4 to 12°C. For all of the runs 
conducted in this study the target subcooled temperature was 16°C, so building water 
was always used in the subcooler. 
3.1.3 test section 
The test section consists of a laser section, the MEMS resistance sensor, a glass tube for 
flow visualization, a static mixer, a calorimeter, and several thermocouples and 
pressure transducers for monitoring flow conditions. The unsteady mixture of 
superheated vapor and entrained liquid droplets from the evaporators first encounters 
a laser section. It consisting of a 2.0 mW Helium-Neon laser, a light chopper, and two 
photodiodes. The light chopper and other related laser instrumentation is discussed in 
section 3.3. The laser shown in Figure 3-6 is aimed through an optical window 
perpendicular to the flow. Some of the beam is scattered by refrigerant droplets, and 
the rest passes through the flow stream unaffected. The unaffected laser light is 
collected by a photodiode positioned directly across the flow stream along the laser 
axis. A portion of the scattered beam is collected by a second photodiode located above 
the flow centerline. The entrained refrigerant droplet volume can be derived (via Mie 
scattering) from these measurements. 
After the laser section, the flow encounters the MEMS resistance sensor. The sensor is 
mounted between two glass plates and then installed into a flange in the test section 
piping. A detailed discussion of the sensor design, fabrication techniques, and theory 
of operation is left for Chapter 4. 
After passing the MEMS sensor, the flow enters a 5" long x I" 00 glass tube. The glass 
tube allows for evaporator exit flow visualization. A thermocouple (beaded type) is 
inserted into the tube through a~" diameter glass tube (forming a TEE). The 
thermocouple is secured with a compression fitting using Teflon ferrules, allowing the 
position of the thermocouple to be adjusted. This is desirable because it is suspected 
that under extremely maldistributed conditions splashing liquid is submersing the 
thermocouple causing drastic drops in exit superheat measured by thermocouples at 
the evaporator exit. 
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Figure 3-4 
Photo of the test section 
Scattered Laser Light 
Photodiode 
Next is the static mixer. It is shown in Figure 3-6, along with the calorimeter. The 
mixer is designed to stir the flow such that all of the entrained liquid is completely 
evaporated by the superheated vapor. Provided liquid is present, conditions at the exit 
of the mixer will be uniformly superheated at a temperature less than the original 
superheat temperature. Pressure drop in the mixer is marginal, and has been measured 
at no more than 3 kPa during conditions of interest. The static mixer consists of a 6" 
long by 21A" diameter copper tube with a helical copper sheet inside. The helix 
provides enough mixing to allow LMF measurements as much as 5 percent. 
To directly measure the quality of the evaporator exit fluid, a calorimeter for measuring 
refrigerant entrained mass fraction completes the test section. It should be noted that 
the calorimeter was not used in this capacity for the majority of test conditions 
performed in this study. The calorimeter consists of a 3,450 Watt Chromalox finned 
tubular heater inserted into 13/8 OD copper tube. The heater is 48 inches long with 4.5 
fins per inch. The calorimeter is well insulated, and is instrumented with 
thermocouples and pressure transducers at the entrance and exit. Heater power can be 
conveniently adjusted by a variac, and the power output is measured directly with a 
watt transducer. The thermocouples, pressure transducers, and watt transducer are 
detailed in the next section. The calorimeter serves two purposes. First, when the 
system is running with relatively little liquid at the evaporator exit the heater is used to 
ensure that all of the liquid is evaporated before entering the compressor. Second, the 
calorimeter can be used when the evaporator is fully wetted to measure exit quality. 
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3.2 Instrumentation 
The refrigeration flow loop has been instrumented to measure refrigerant mass flow, 
pressure, temperature, calorimeter heater power, laser light intensity for Mie scattering 
experiments, and MEMS sensor voltages. Each type of measurement is discussed 
separately in this section. This includes the particular equipment used, any calibration 
procedures performed, and an assessment of measurement uncertainty. 
3.2.1 pressure measurement 
Three absolute pressure transducers, one differential pressure transmitter, and one 
gage pressure transmitter are used to monitor refrigerant flow conditions. The 
locations of these sensors is indicated in Figure 3-6. A Sensotec 0 to 500 psia (0 to 3,450 
kPa) absolute pressure transducer is located in the subcooled refrigerant line before the 
expansion valve of the main evaporator. The evaporating pressure and the static mixer 
exit pressure are measured by two Sensotec 0 to 200 psia (0 to 1,380 kPa) absolute 
pressure transducers. All three Sensotec transducers have a 0 to 5 VDC output and a 
reported accuracy of ±D.l % of the full scale reading. Since these transducers were 
newly purchased, the factory calibration factors were used during data collection. The 
main evaporator differential pressure is measured by a Setra 0 to 2 psid (0 to 13.8 kPa) 
differential pressure transmitter. It has a 4 to 20 rnA output, so a 250 Ohm resistor was 
used at the backplane of the multiplexer to convert the current output to the standard 0 
to 5 VDC. A Setra 0 to 250 psig (0 to 1,720 kPa) gage pressure transmitter measures the 
calorimeter exit pressure. It has a rEWorted accuracy of ±O.13% of the full scale reading 
at constant temperature. Since this transmitter measures gage pressure, it was 
necessary to record the barometric pressure during each day of data collection. The 
barometric pressure was measured with a Princo Instruments 20 to 32 inHg (67.7 to 108 
kPa) fortin type mercurial barometer. It should be noted that the differential pressure 
transmitter and the gage pressure transmitter were both calibrated in-situ against the 
Sensotec pressure transducers. 
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Photo of the test rig and instrumentation 
3.2.2 temperature measurement 
All of the temperatures throughout the refrigerant and water flow loops are measured 
with Omega type T, ungrounded, beaded thermocouple probes. The beaded 
thermocouples were chosen, as opposed to the shielded type, so that the thermocouple 
junction would be directly exposed to the flow conditions and a faster response time 
could be attained. This is especially important in the test section where fast, unsteady 
processes are occurring. The thermocouples were calibrated, along with the measuring 
system, over a range of 0 to 30°C in an isothermal bath against NIST traceable 
thermometers. The estimated uncertainty of the thermocouples is ±D. 1 °C. 
3.2.3 refrigerant mass flow measurement 
Two Micro Motion ELITETM coriolis effect mass flow sensors are used to measure 
refrigerant mass flow rates. The main evaporator flow is measured with a model 
CMF025 sensor with a 0 to 40 lb / min (0 to 300 g/ sec) range, while the secondary 
evaporator flow is measured with a model CMFOIO sensor with a 0 to 3lb/min (0 to 23 
g/ sec) range. Both flowmeters, shown in Figure 3-2, are used in conjunction with their 
own model RTF9793 Field-Mount Transmitter, which outputs both flowrate and fluid 
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density. The transmitters can be seen in Figure 3-6. The flowmeters were factory 
calibrated and have a reported accuracy of ±O.10% of F.S. ±[zero stability + flowrate 
x100]% of the measured rate. The zero stabilitY of the CMF025 sensor is O.OOllb/min 
and for the CMF010 it is 0.00015Ib/min .. 
3.2.4 power measurement 
The calorimeter heater power is measured with a Ohio Semitronics 0 to 4 kW (0 to 
13,600 Btu/hr) watt transducer, shown inFigure 3-6. It was calibrated in situ against 
two Fluke 4.5 digit multimeters; one measuring voltage across the heater and the other 
wired as an ammeter measuring heater current. The watt transducer has a reported 
accuracy of ±O.04% of the full scale reading. 
3.3 Laser Equipment 
Figure 3-3 depicts the laser and related instrumentation used in the test section to 
identify the presence of entrained liquid droplets. The hardware includes a 2.0 m W 
Helium-Neon laser and power supply, a light chopper, two photodiodes, and two 
ThorLabs lock-in amplifiers. The laser beam is directed thro:ugh the test section pipe, 
perpendicular to the flow direction. A portion of the laser beam is collected by each 
photodiode, which output a voltage signal proportional to the collected light intensity. 
The photodiode signals are routed through coaxial cable to their own lock-in amplifier. 
The lock-ins can either output the unamplified photodiode signal through their monitor 
outputs, or they can throw out unwanted frequencies, and noise, by comparing the 
input to a reference signal. H a reference signal is used, say the light chopper 
frequency, then the lock-in will filter out all frequencies in the input signal except that 
of the reference signal. In this way, the lock-in is an extremely powerful tool for 
filtering noise from the photodiode signal. A light chopper consisting of a 4" diameter 
windmill-shaped disk having 10 blades "chops" the beam at a frequency set by the 
user. 
3-9 
i'· 
Experimental Facility 
Watt 
Transducer 
Figure 3-6 
Photo of test rig, highlighting the laser and calorimeter 
3.4 Data Acquisition System 
The data acquisition system hardware, shown in Figure 3-7, includes a Gateway 
Pentium P5-133 MHz personal computer (PC) connected via standard HP-ffi interface 
to a Hewlett-Packard (HP) 1300A B-size VXI Mainframe. The mainframe houses a HP 
E1326B 5 ~ digit multimeter, a HP E1345A 16 channel relay multiplexer, a HP E1347 A 
16 channel thermocouple relay multiplexer, and a HP1353A 16 channel thermocouple 
PET multiplexer. The multimeter and three multiplexer boards are arranged in a 
scanning digital multimeter configuration. The HP equipment was purchased because 
it provides 
1. high measurement accuracy down to the micro-volt range, in particular for 
unamplified thermocouple voltages 
2. high speed temperature measurements up to 100 K switches per second with the 
PET multiplexer 
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3. convenient measurement of DC voltage, RMS AC voltage, 2-wire resistance, 4-wire 
resistance, and temperature (thermistors, RID's, thermocouples) 
All data acquisition programming waS done using the HP-VEETM (Visual Engineering 
Environment) version 3.21 software program. HP-VEETM is a general purpose, high 
level, iconic programming environment similar to National Instruments LabView™. 
The software provides features for instrument control, data acquisition, data processing 
data analysis, and file management. 
VXI Mainframe with 
multimeter & AID 
converter 
Figure 3-7 
Data acquisition system hardware 
Gateway P5-133 MHz 
Computer 
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MEMSSENSOR 
4.1 Overview 
This chapter describes the efforts of this study to design, build, calibrate, and test a 
MEMS resistance sensor to be used in conjunction with micro-valves for controlling 
parallel plate evaporators in refrigerators and heat-pumps. The MEMS sensor 
described herein is actually three sensors in one. It consists of three separate nickel (ND 
serpentine resistors that are evaporated on a silicon wafer 250 J.1nl. thick. The serpentine 
resistors, shown in Figure 4-1, are very thin (-100 Angstroms) and measure 
0.0625 mm2, 0.25 mm2, and 1.0 mm2 in total surface area. Since this will be the first 
generation of MEMS sensors it is advantageous to have three sensors on the same 
substrate to compare the effect of surface area on sensitivity to liquid droplets. A 
constant DC current (in the milli-amp range) passing through the sensors provides fR 
self-heating, so that when a droplet strlkes the sensor it evaporates causing the sensor 
temperature and resistance to decrease. It is important that the thermal mass of the 
resistors is extremely small to give.a very fast time response to refrigerant droplets 
impinging on the surface. The time-varying voltage signal of each sensor is measured 
and correlated with LMF data, scattered laser light intensity, and thermocouple signals 
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Figure 4-1 
Close up of MEMS serpentine resistors 
4.2 Theory of operation 
At high superheats, or evenly distributed evaporator flows, the sensor will work much 
like a hot wire anemometer, where the self-heating will cause the actual sensor 
temperature to be elevated above the free stream temperature. The extent to which the 
sensor temperature is higher will depend on the sensor current, the temperature 
coefficient of the sensor, the convective heat transfer coefficient between the sensor and 
the free stream, and the free stream temperature. With the presence of liquid droplets 
the story becomes a little more complicated. Initially, as small amounts of droplets 
strike the sensor they will be evaporated by the i2R heat being generated. As more and 
more liquid coats the sensor, the sensor temperature is driven lower, until the sensor is 
completely saturated and can no longer evaporate droplets b~fore the next one strikes. 
When the sensor is completely wetted there is a thin film of boiling liquid covering the 
surface, so the sensor temperature will approach Tsat, the saturation temperature of the 
boiling liquid. Thus, at any given time the sensor temperature can vary from an upper 
limit above the free stream vapor temperature to a lower limit of T sat determined at the 
evaporator exit pressure. What this means from a controls viewpoint is that one sensor 
alone can not provide an accurate measure of superheat, especially when liquid is 
present due to maIdistribution. In which case it might be advantageous to use a second 
sensor in a location where it would be sheItered from droplet impingement in order to 
measure the vapor temperature and determine superheat. More on this and other 
possible control strategies will be presented in Chapter 7. 
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4.3 Sensor description 
A thin rectangular silicon wafer is the foundation of the MEMS sensor. On it are the 
three serpentine Ni resistors, two thick gold current leads, and 6 gold voltage leads. 
Two of the voltage leads are unused, and were added solely to provide redundancy in 
case a problem arose during fabrication. The sensors are suspended in the middle of 
the flow stream by four narrow silicon bridges that have the full thickness of the wafer. 
The bridges in earlier sensor generations were as thin as 40 J.Lm., but that proved 
disastrous as the thin bridges were not strong enough to withstand the flow in the test 
section pipe. These features are highlighted in Figure 4-2, which shows the complete 
MEMS sensor after microfabrication. Immediately behind the sensors, the silicon has 
been etched back to a thickness of only 40 J.llI1. This helps minimize heat conduction 
losses through the substrate, and assures that most of the self-heating is dissipated by 
convection to the surrounding vapor and conduction to liquid droplets boiling at the 
surface. 
Figure 4-2 
Complete MEMS resistance sensor 
The silicon wafer is very large, at least with respect to the typical scale of most MEMS 
devices. It is also flat, brittle, and much too delicate to be directly inserted into the 
refrigeration piping. In an effort to protect the sensor from catastrophic fracture during 
service, it has been mounted in a "sandwich" between two pieces of ~" thick plate 
glass. A thin sheet metal plate having the same rectangular shape as the wafer is 
placed within the sandwich to help support the silicon bridges exposed to the 
refrigerant flow. First, a two-part epoxy is spread evenly, and extremely thin, across 
one of the pieces of glass using a razor blade. The sheet metal is placed on this piece of 
glass and allowed to dry. Then another thin layer of epoxy is spread over the sheet 
metal and glass. The sensor is carefully placed in exact alignment over the sheet metal 
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support plate. At the same time a thin layer of epoxy is laid over the second piece of 
glass, and then placed in contact with the sensor. The sandwich is clamped in a 
specially designed fixture and left to harden for 24 hours. Once the epoxy has set, the 
sensor is mounted within the test section in a copper pipe flange. Two o-rings in the 
flange provide a pressure tight seal against the glass. Certainly, other less fragile 
materials besides glass plate could have been used to create the sandwich. However, 
glass was selected because it is transparent so that the entire wafer can be inspected 
after the epoxy has hardened. This proved to be very useful, since several sensors were 
rendered useless after uneven clamping in the flange caused complete cracking of the 
silicon wafer. 
4.4 Sensor calibration 
The fundamental equation for a serpentine resistor as a function of temperature is 
(eq. 1) 
where Ro is the resistance at some reference temperature To! and a[OC1] is the 
temperature coefficient. Since eX is a constant material property in the range of 
temperatures of interest to refrigeration, then To can be taken at aoc resulting in the 
following linear relationship for R(T) 
R(T) = Ro + aRoT (eq.2) 
The above equation gives a basis for calibrating the sensor. The reference resistance Ro 
is simply the y-intercept of R(TI, and aRo is the slope. 
An experiment for calibrating a and Ro for each resistor was carefully performed over 
several days. The complete MEMS sensor and a calibrated type-T beaded 
thermocouple were exposed to 3 different temperatures in order to develop the R vs. T 
data. The 3 temperatures were achieved by placing the sensor and thermocouple in (1) 
ambient conditions, (2) a 3 cubic-ft refrigerator, and (3) the freezer compartment of the 
refrigerator. The sensor was exposed to each temperature for a period of 24 hours to 
ensure equilibrium conditions were reached. Sensor resistances were measured with 
the HP 5 1h digital multimeter using a 4-wire technique. To minimize any self-heating 
of the resistors during the 4-wire measurements it is necessary to keep the source 
current to a minimum. The effect of self-heating can be minimized by selecting a 
higher range range on the multimeter since less current is applied. However, higher 
ranges yield lower resolution. It was determined that the default setting of the 
multimeter (16384 n range, and 61 J..LA) was adequate to prevent self-heating and still 
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provide ± 15mO resolution. The results of the calibration are presented in Table 4-1 
and Figure 4-3 below. 
Table 4-1 . 
Summary of MEMS resistance sensor calibration 
-5 
resistor 
R1 
R2 
R3 
average 
140 
120 
-
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Figure 4-3 
Ro [0] 
107.03 .0045 
27.51 .0044 
5.01 .0043 
.0044 
R1 = (0.482)T + 107.03 
~ = 0.999 
R2 = (0.121)T + 27.51 
R2 = 1 
R3 = (0.0214)T + 5.01 
~= 1 
10 15 
Temperature [Oel 
Summary of MEMS resistance sensor calibration 
20 25 30 
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EXPERIMENTAL PROCEDURES AND RESULTS 
5.0 Experimental objectives 
This chapter defines the goals of the experimental investigation, and defines the range 
of conditions over which data was collected. The system configurations, procedures for 
data processing, and experimental results will be presented within this chapter. Below 
is the list of experimental objectives for this study. 
1. Collect global system data using a 3-ton PHE as an evaporator at various mass flow 
rates and superheats to demonstrate when and how maldistribution is manifested at 
the evaporator exit. 
2. Develop a consistent method for quantifying the LMF of the exit flow from a 
maldistributed plate evaporator .. 
3. Simulate maldistribution in a parallel evaporator, and compare the output signals of 
a thermocouple, MEMS sensor, and scattered laser light with the presence of small 
quantities of entrained liquid droplets. 
4. Investigate, using time-domain and frequency-domain analysis techniques, the 
feasibility of using either a thermocouple or a MEMS sensor for controlling 
refrigerant flow through plate evaporators using micro-valves as an expansion 
device. 
5. Investigate how the sensitivity of MEMS serpentine resistance sensors to entrained 
liquid is affected by sensor surface area. 
5.1 Identifying maldistribution in plate evaporators 
One goal of this study is to be able to identify when maldistribution occurs in plate 
evaporators. Maldistribution in the evaporator leads to the entrainment of refrigerant 
liquid droplets in the superheated vapor stream. However, prior to this investigation 
no knowledge existed with regard to the amount of liquid typically entrained as a 
result of maldistribution. 
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Experiments were conducted using a single 3-ton PRE as an evaporator over various 
conditions of superheat temperature and refrigerant mass flow rate to identify how 
maldistribution is manifested at the evaporator exit. For these tests, refrigerant and 
water inlet temperatures to the evaporator were kept as close as possible to 2°C and 
12°C, respectively. These temperatures represent typical operating conditions for water 
chillers used in AIC and heat-pump applications. The evaporator was fed by a 
pressure equalized TXV. In order to assist the evaporation of entrained liquid droplets, 
and illustrate the presence of mal distribution, a static mixer was installed downstream 
of the evaporator. Figure 5-4 shows a schematic of the evaporator, static mixer, and 
necessary instrumentation. Note that the secondary evaporator was not used during 
these tests. The static mixer enhances the evaporation of any liquid that might be 
present in the evaporator exit stream. 
Figure 5-5 shows conditions at the evaporator exit that can be classified as stable 
superheat. Stable superheat is characterized by a time-invariant vapor temperature at 
the evaporator exit, Tr,out. Additionally, the static mixer exit temperature, Tr,mix' is equal 
to Tr,out. Both temperatures have equal superheat (temperature elevation above the 
saturation temperature), indicating that no liquid was present for evaporation in the 
static mixer. When small amounts of liquid droplets are present at the evaporator exit, 
they strike and cool the thermocouple suspended in the flow stream. By using the 
static mixer, very small quantities of liquid can be detected that would otherwise be 
missed by a thermocouple. The static mixer stirs the liquid-vapor flow stream causing 
the small amounts of liquid to completely evaporate before the mixer exit. The mixer 
exit thermocouple, Tr,mix' indicates the evaporation of droplets when it is colder than 
Tr,out. In Figure 5-2 notice that Tr,out appears to be constant at II.BoC for the entire run, 
but Tr,mix is as much as IOC lower. This small temperature difference amounts to 0.2 gls 
of liquid out of the total 52 gl s flowing through the evaporator, calculated based upon 
the energy balance method described later in section 5.2. It is impossible, using the 
evaporator exit thermocouple alone, to detect the small amount of entrained liquid 
present during this marginally stable superheat condition. As more and more liquid 
exits the evaporator, the thermocouple will cool significantly due to impacts by 
droplets. The time trace of Tr,out in Figure 5-3 dips drastically downward toward the 
saturation temperature. The unsteady behavior of Tr,out is an indication that unstable 
superheat has been reached. These temperature depressions have been visually 
correlated to puffs, or clouds of droplets in the evaporator exit pipe. The exit 
thermocouple temperature is bounded by the warm superheated vapor temperature on 
the high side, and the saturation temperature on the low side. 
The graphs discussed in this section indicate that early detection of maldistribution is 
difficult to achieve by thermocouples, and other" cold" thermometers. A heated 
sensor, like the MEMS serpentine resistance sensors developed for this project could 
provide early detection of marginally stable superheat. A heated sensor of small 
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thermal mass can evaporate droplets more rapidly, and provide fast response to 
rapidly changing evaporator exit flow conditions. 
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5.2 Method for calculating LMF in maldistributed exit flows 
Maldistribution in plate evaporators is evident when liquid droplets are entrained in 
the superheated vapor stream exiting the evaporator. One way to quantify the amount 
of maldistribution is by calculating the liquid mass fraction (LMF) at the exit. The LMF 
is the mass flow rate of entrained liquid divided by the total mass flow rate, assuming 
liquid droplets and vapor have the same velocity at a given pipe cross section. 
mliquid 
LMF [%] = . . x 100 
mliquid + mvapor 
(eq.3) 
If droplets are present at the evaporator exit, they will evaporate by mixing with the 
surrounding superheated vapor. Provided there is enough pipe length between the 
evaporator and the compressor suction port, or the amount of entrained liquid is 
sufficiently small, all of the droplets will evaporate before they could potentially harm 
the compressor. Maldistribution in PHE's can sometimes generate more entrained 
liquid than can be evaporated prior to the compressor inlet port. A method of 
calculating LMF at the evaporator exit has been developed and validated using a static 
mixer between the. evaporator and the compressor. The method was validated by 
combining known amounts of liquid and superheated vapor into' the test section prior 
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to the static mixer. The LMF can be calculated by performing an energy balance on the 
two streams. 
A schematic of the main evaporator, secondary evaporator, test section with the static 
mixer, and associated instrumentation is shown in Figure 5-4. The process can be 
modeled as a mixing of two streams. Stream 1 is superheated vapor exiting the main 
evaporator with a mass flow rate Ihr , temperature Tr,oul' and pressure P evap' For all test 
conditions the main evaporator was run with significant superheat (>8°C), so it can be 
assumed with good accuracy that stream 1 is comprised solely of superheated vapor. 
Stream 2, on the other hand, is a low quality mixture at pressure P evap with mass flow 
rate Ih2 • The two streams mix in the static mixer and exit as a single-phase 
superheated vapor at temperature T mix' It is assumed that heat loss to the environment 
is negligible. For the test runs under consideration we would like to determine the 
LMF present at the entrance of the test section when a small amount of low-quality 
refrigerant is added to the test section from the secondary evaporator. There are two 
ways to calculate LMF with the current instrumentation. The first method involves 
determining the quality exiting the secondary evaporator, ~, directly from temperature 
and pressure measurements, and the second method comes from an analysis of the 
mixing process of the superheated vapor and liquid droplets in the static mixer. The 
former method gives an accurate measure of the actual LMF, and is used as a basis for 
validating the static mixer energy balance approach. 
Figure 5-4 
Main 
Evaporator 
T2.lub 
Main 
Flowmeter" m21 
MEMS 
Secondary 
Evaporator 
Expansion Valve 
Secondary 
Flowmeter" 
6 
glass tube 
Schematic of evaporators, static mixer, and test section instrumentation used to 
determine LMF . 
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The definition of LMF, (eq.3), can be modified to give the LMF directly from 
knowledge of flow rates and stream 2 inlet quality. 
Iil (I-x) 
LMF [%] =.2 . 2 xlOO 
mr +m2 
(eq.4) 
where both mass flow rates in measured quantities. However, the quality, 'S, must be 
determined from knowledge of the subcooled liquid temperature before expansion, 
T2,sUb (state 1 in Figure 5-5), and the pressure at the exit of the secondary evaporator, 
Pevap• It is assumed that stream 2 undergoes a constant enthalpy expansion from T2,sub to 
a low quality mixture at the exit pressure Pevap• The quality, 'S, is thereby determined 
by P evap and the enthalpy of the sub cooled liquid before expansion. Figure 5-5 outlines 
this process on a P-h diagram. 
h 
Figure 5-5 
P-h diagram of entrained liquid evaporating in a superheated'vapor stream 
The LMF entering the test section can also be calculated by performing an energy 
balance on the two mixing streams. In this analysis, it is assumed that states 4 and 2 in 
Figure 5-5 are completely defined by the independent measurements of temperature 
and pressure at those locations. Also, it is assumed that the two streams are completely 
mixed before exiting the static mixer, with no heat loss to the surroundings. State 2 is 
still at pressure P evapl but this time the quality is assumed to be unknown. An energy 
balance of the adiabatic mixing of superheated vapor and unknown quality gives 
(eq.5) 
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The left hand side of the equation is the energy lost from the superheated vapor stream 
during the mixing process. The right hand side accounts for the energy gained by the 
low-quality mixture of stream 2 during mixing. The first term is the heat of 
vaporization required to boil liquid droplets to the saturation temperature, and the 
second term is the energy necessary to heat saturated vapor to the final state at the 
static mixer exit. The mass flow rates fir and fi2 are measured, and all of the 
enthalpies can be determined from pressure and temperature measurements. The exit 
quality of the secondary evaporator can now be solved for directly. Once x2 is 
evaluated using (eq.5) the LMF can be calculated using (eq.4). 
A comparison of both methods of calculating LMF is shown in Figure 5-6. Both sets of 
data show a linear relationship of LMF to IILz, the mass flow rate of stream 2. Error bars 
for each data point indicate only the instrument error associated with each 
measurement. The true LMF at the inlet to the test section is most accurately 
represented by the direct measurement method of (eq.4). This is based not just on the 
fact that the direct method has less instrument error (smaller error bars), but because 
the static mixer energy balance method is based upon several simplifying assumptions. 
First, the energy balance method assumes no interaction between refrigerant and oil. 
The oil present in the suction line (measured to be 0.2 to 0.3%) will absorb liquid 
droplets, thereby preventing them from evaporating. This qlUses a negative departure 
of the calculated LMF from the true LMF. Second, the energy balance method assumes 
complete evaporation (no droplets left) and mixing of the two streams before the static 
mixer exit. Third, it assumes that heat loss to the environment is negligible. The last 
assumption probably makes the least contribution toward lowering LMF. 
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5.3 Correlating instrument signals to presence of droplets 
Experiments were performed to correlate the output signals of a standard 
thermocouple, the MEMS resistance sensors, and scattered laser light with the presence 
of droplets. For these experiments, the secondary evaporator was used to inject liquid 
into the test section while the main evaporator was running at high superheat (12°C). It 
was shown earlier in section 5.1 that a thermocouple at the evaporator exit can 
potentially indicate the presence of droplets (in large amounts) in a superheated vapor 
stream. These tests were conducted to ensure that it was indeed droplets that caused 
the temperature oscillations seen in Figure 5-3, and not some other phenomenon like 
evaporator pressure fluctuations. 
For these tests, the exposed beaded thermocouple mounted in the glass tube (see 
schematic in Figure 5-4), the largest MEMS sensor~, and the scattered laser light 
signals were sampled at 40 Hz for 12.5 seconds. Figure 3-7 shows the time traces of 
these three signals for very small amounts of liquid (LMF = 0.41 %) with high 
superheat, Tsup = 1l.9°C. The sensor was driven with a 25 rnA DC current. 
The scattered laser light signal is important, because it directly correlates with the 
quantity of droplets present in the test section. The photodiode signal intensity 
increases as more droplets are present to scatter the beam. Notice that the signal 
amplitudes of both the thermocouple and the MEMS sensor relate to the scattered light 
(and thus droplets). There is a slight time lag between the two temperatures and the 
laser signal of about 1 second. This is because the laser gives an instantaneous measure 
of the liquid fraction, whereas the thermocouple and sensor have thermal capacitance 
which delays their response to liquid. 
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Figure 5-7 
Evaporator exit signals (thermocouple, MEMS sensor, scattered laser light) 
indicating the presence of small quantities of liquid (LMF=O.41%). 
The MEMS sensor and scattered light signals were also measured with lock-in 
amplifiers for liquid fractions up to 4%. The lock-in output is based upon the 
autocorrelation of the input signal.to a reference signal. For the scattered light signal, 
the laser beam chopper frequency was used as the reference signal. The chopper 
frequency was tuned to 40 Hz, so the lock-in output was proportional only to that 
portion of the photodiode signal having components at 40 Hz. The MEMS sensor was 
driven by a square-wave current, also at 40 Hz, with a maximum amplitude of 20 rnA 
supplied by a wave generator. It is important to set the driving current frequency 
much higher than the sensor time constant, so that the sensor "sees" the oscillating 
current as if it were constant. 
Figure 5-8 shows these results. The lock-in output of each signal has been normalized 
their respective maximal value (at the highest LMF). What this figure indicates quite 
clearly is the sensitivity of each instrument to the amount of liquid in the test section. 
The scattered laser light is proportional to LMF, and is usable over a broad range of 
LMF. The MEMS sensor, however, is extremely sensitive for LMF's less than 0.7, and 
then almost immediately becomes insensitive to additionaIliquid. It was initially 
hoped that the sensor would be usable over a wide range of LMF, but what this means 
is that the sensor could potentially be very useful in detecting the onset of unstable 
superheat as in Figure 5-2. In Figure 5-7, the smaller thermocouple temperature 
fluctuations indicate that it is much less sensitive to small amounts of liquid than the 
MEMS sensor. An estimated initial slope of the thermocouple response to LMF has 
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been added to Figure 5-8, showing less sensitivity at low LMF, but an increase in 
useable range. The MEMS sensor has an added degree of flexibility over a 
thermocouple, because its useable range can be extended simply by increasing the 
driving current. 
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Figure 5-8 
Normalized Lock-in amplifier output of MEMS sensor and scattered laser light 
showing sensitivity to droplets 
5.4 Comparison of thermocouple and MEMS sensor in time and frequency 
domains . 
The response of a thermocouple and the MEMS sensors were formally compared in the 
time and frequency domains, at various superheats and LMF's, to determine their 
potential feasibility for controlling plate evaporators. These tests were conducted using 
the secondary evaporator to simulate maldistribution between parallel evaporator 
plates. The main evaporator was operated in the superheated range with a mass flow 
rate of 40 g/s nominally. In total, 19 separate runs were conducted over 3 different 
superheats (1l.6°C, 10.0°C, and 8.5°C), and LMF from 0 to 2.5%. A summary of each 
run can be found in Table 5-1. Data collection during each run consisted of: 
1. Global system parameters 
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These measurements include flow rates, pressures, temperatures (etc.) necessary for 
energy balance calculations. This data wa,s collected at 0.5 Hz for 50 seconds. 
2. Fast sampling of test section instrumentation 
The raw scattered light photodiode voltage, evaporator pressure, MEMS sensors, 
and all test section thermocouples were recorded at 40Hz for 12.5 seconds. 
The sampling frequency, 40 Hz, was selected because it provided the best opportunity 
to capture all significant frequencies present in the thermocouple, MEMS sensor, and 
scattered light signals. During the shake-down process of the facility, Fourier analysis 
of the raw output of each instrument (thermocouple, sensor, scattered light) revealed 
that all frequencies above 10 Hz did not make a significant contribution to the power 
spectra. Therefore, the sampling rate was selected as close as possible to the maximum 
expected frequency, while still being above twice the Nyquist frequency. This Fourier 
analysis was performed on a 4-channel digital oscilloscope capable of detecting 
frequencies down to the GHz range. 
Table 5-1 
Summary of conditions for simulated maldistributlon runs. 
Run# LMF (%) T.u,(OC) Trout(OC) Tm ... (OC) P_(kPa) sensor 
current (mA) 
1 0 11.6 13.5 13.6 529.8 24.64 
2 0.41 11.9 14.0 13.2 531.8 24.98 
3 0.60 11.8 13.9 12.7 532.2 24.98 
4 0.81 11.7 13.8 11.9 531.8 24.94 
5 1.11 11.5 13.8 11.2 535.4 25.01 
6 1.37 11.6 13.8 10.5 533.9 24.96 
7 1.61 11.7 13.8 10.0 533.6 25.40 
8 2.65 11.3 13.7 7.1 538.6 25.37 
9 0 10.4 12.4 NlA 530.1 24.95 
10 0.32 10.0 12.1 11.4 532.6 25.00 
11 0.61 9.9 12.2 10.7 534.3 24.56 
12 1.28 9.7 12.1 9.3 537.8 24.56 
13 0 8.6 10.5 10.5 528.4 25.04 
14 0.58 8.6 10.8 9.7 533.7 25.00 
15 0.71 8.6 10.8 9.2 533.2 25.00 
16 1.04 8.3 10.7 8.8 536.2 25.44 
17 1.27 8.2 10.5 7.6 535.6 24.62 
18 1.47 8.4 10.6 7.3 534.6 25.13 
19 2.03 8.4 10.7 5.7 536.5 25.11 
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Notes: (1) LMF = liquid mass fraction, Tsup = superheat, Trout = main evaporator 
refrigerant exit temperature, T mix = static mixer exit temperature, Pevap = main 
evaporator exit pressure 
(2) Complete time histories of these temperature for each run can be found 
in Appendix A. 
The information in Table 5-1 is also displayed graphically in Figure 5-9 to Figure 5-11. 
These figures show, for each run, the superheat temperature (Tsup = Trout - Ts), the 
temperature of the thermocouple located in the glass tube, and the largest sensor 
temperature, all as a function of LMF. A nice feature of these graphs is that they clearly 
indicate the sensitivity of the thermocouple and MEMS sensor to increasing amounts of 
liquid. The bars on the thermocouple and sensor temperatures indicate the range of 
temperatures measured during the entire 12.5 seconds of data collection time. In all 
three figures the MEMS sensor is much more sensitive at lower LMF's. The 
thermocotJple, however, is sensitive at higher LMF around 1.5%. These trends were 
first supported by the lock-in data presented in Figure 5-8 of section 5.3. 
Another interesting feature of these figures is that the heated sensor temperature is 
lower than the" cold" thermocouple for all LMF's except zero. At first this seems 
counterintuitive. One would think that a heated resistor would be hotter than a 
thermocouple simply because the self-heating would promote evaporation of liquid 
droplets. A possible explanation for the lower sensor temperature could be that the 
sensor surface is covered completely by a thin film of liquid (or possibly oil). When 
this is the case, boiling of the liquid film would occur, which has a higher heat transfer 
coefficient than convective cooling. The sensor temperature would be driven down 
very close to the saturation temperature of the liquid, because only a slight excess 
temperature is required for boiling. In all three figures, the excess sensor temperature 
rapidly approaches T sensor - T sat = 2°C. In addition, the surface area to mass ratio of the 
sensor is much larger than the thermocouple, so an equally sized droplet will have a 
greater cooling effect on the sensor than the thermocouple. Therefore, the sensor 
temperature is driven lower than the thermocouple. 
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Summary of runs 1-8 with nominal superheat = 11.6°C. (Bars Indicate range of 
temperatures measured, i.e. fluctuations due to droplet impacts) 
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Other comparisons between the ability of a thermocouple and the MEMS sensor to 
detect entrained liquid droplets can be made with the help of Figure 5-12 and Figure 5-
12. These two figures show the thermocouple temperature, MEMS sensor temperature 
(for the largest sensor, Rl), saturation temperature, and scattered laser light photodiode 
voltage in the time domain at low (Figure5-13), and high (Figure 5-13) liquid mass 
fractions. At low LMF, the MEMS sensor is most sensitive to the presence of droplets. 
This is shown by the large amplitude temperature fluctuations of the sensor, compared 
to relatively little temperature fluctuation by the thermocouple. In Figure 5-13, where 
LMF is high (LMF = 1.37%) the MEMS sensor is unable to detect the increasing amount 
of liquid, but the thermocouple now is becoming more sensitive to liquid. At the 
higher LMF, the temperature fluctuations of the thermocouple are larger, and those of 
the MEMS sensor are decreased. 
It is important to notice that there are both slow and fast frequency components in the 
thermocouple and the MEMS sensor temperature traces. The slow frequency 
component in both temperatures is exactly in phase with the saturation temperature 
displayed on the bottom of the figures. Saturation temperature varies with evaporation 
temperature, which oscillates due to the nature of the two-phase evaporating flow in 
the evaporator. Superimposed on top of the slow fluctuation is the high frequency 
content. It is the high frequency oscillation that is a result of droplets impinging on the 
surface of the sensor (and thermocouple). 
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The trace of the scattered laser light photodiode voltage in both figures gives a relative 
indication of the amount of liquid present during the run. In Figure 5-12, when LMF is 
only 0.58%, the scattered light signal amplitude fluctuation is about 0.01 Volts, but in ' 
Figure 5-13, when LMF = 1.37%, amplitude variation is slightly higher. There are also 
several large amplitude spikes on the order oiO.5 Volts. These larger spikes are related 
to large clouds of droplets that were visually observed through the glass tube mounted 
in the test section. Notice that during high LMF (Figure 5-13) the thermocouple 
temperature drops rapidly after the passage of a droplet cloud, but the MEMS sensor is 
unable to respond to the additional liquid. 
Additional information about the performance of the thermocouple and MEMS sensor 
can be obtained by examining the frequency content of the signals. The power spectra 
of both signals is shown in Figure 5-14 and Figure 5-15 for low and high LMF, 
respectively. The figures correspond to the same two runs shown Figure 5-12 and 
Figure 5-13 in the time domain. Fast Fourier Transform analysis was performed on the 
discrete temperature signals using the HP-VEETM software, by first subtracting the mean 
of each signal from the original data set. This was done to remove the DC component 
of the each signal, thereby leaving only the oscillating portion of the temperature 
caused by both impingement of liquid droplets and saturation temperature fluctuation. 
The first large spike at 0.16 Hz in both figures is due to the saturation temperature 
fluctuation. All of the other frequencies can be attributed to the presence of liquid 
droplets. In both figures, the significant frequencies die out around 5 Hz. Initially, it 
was thought that the MEMS sensor would be able to detect individual droplet impacts 
at frequencies above 100 Hz. Thisis clearly not the case, especially at the higher LMF's 
when droplet clouds containing thousands of large droplets are observed visually in 
the glass tube. However, at low LMF's (less than 0.7%) where the sensor is most 
sensitive, droplet clouds were not seen by the naked eye, casting some doubt on the 
exact number and size of droplets present. 
Even the scattered laser light can not detect the passing of individual droplets. The 
power spectra of the scattered laser light photodiode voltage are shown in Figure 5-16, 
for LMF = 0.58% and 1.37%. At higher LMF there is clearly a stronger signal, 
indicating more scattering due to liquid droplets. There are more sophisticated 
techniques for measuring droplet size, velocity, and distribution, such as 
phase/Doppler particle analysis (P /DPA) and laser-Doppler ve10cimetry (LDV). These 
laser diagnostics techniques have seen widespread use in combustion research and 
aerosol sprays, but they require very expensive laser equipment that is extremely 
difficult to calibrate. 
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Thermocouple, MEMS sensor, and scattered light signals in the time domain at 
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Power spectra of the thermocouple and MEMS sensor signals at low LMF. (Data 
shown for run 14; LMF = 0.58%; superheat = 8.6°C) 
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Power spectra of the thermocouple and MEMS sensor signals at high LMF. (Data 
shown for run 6; LMF = 1.37%; superheat = 11.6°C) 
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5.5 Effect of MEMS sensor surface area on sensitivity to droplets 
Entrained liquid droplets smaller than 50 J..Im in diameter traveling at 10 m/ s have been 
measured in horizontal tube evaporators. It is suspected that the size of the sensor will 
directly affect its ability to detect such small droplets in the flow stream. For example, 
if a droplet is large enough to completely coat the small sensor upon impact, it is sure 
to drop the sensor temperature very close to the liquid temperature. However, the 
same droplet impacting the large sensor would only cover about 7% of the total surface 
area, and could not lower the sensor temperature completely to the liquid temperature. 
H the sensors are indeed sensitive enough to be affected individual droplets, then the 
larger sensor should prove less sensitive at lower LMF's. By placing three resistors of 
varying size on the same substrate, a direct comparison of the size effects can be made 
at identical flow conditions. 
Figure5':'17 shows a comparison of the normalized power spectra of the time-varying 
voltage signal from each sensor during run 10. The high superheat, Tsup = 10°C, and 
low liquid fraction, LMF = 0.32%, of run 10 provides a good comparison because the 
sensors are most sensitive at these conditions. Clearly, the frequency content of each 
sensor is almost identical. In some ways this is encouraging because it tells designers 
that an extremely small sensor requiring a minimum of current can detect the dynamics 
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of the evaporator exit flow, however, it casts some doubt on the sensors' ability to 
detect individual droplets. If the distribution of droplets through the pipe cross section 
can be assumed to be uniform, then the larger sensor should naturally be impacted by 
more droplets than a smaller sensor. The sensors were designed to have the same heat 
flux per unit area, so a higher impact frequency was expected from the largest sensor. 
The data does not show a higher impact frequency associated with increased sensor 
surface area. 
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Figure 5-17 
MEMS sensor output signal frequency spectra is independent of sensor size. 
Data for run 10, superheat = 10.0C; LMF = 0.32% 
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CONTROL STRATEGIES WITH MEMS SENSORS 
Given the simplicity of the signal from the MEMS sensor that relates time dependent 
voltage output to the LMF in the vapor stream, several control and feedback strategies 
are possible. Two basic types of strategies involve using (a) the amplitude of steady-
state output signal, combined with desired operating points, and (b) the frequency 
content of the output signal. Combinations of the two types can also be used to deliver 
more sophisticated control. Also depending on the degree of sophistication desired, 
the circuitry required can range from extremely simple analog to full digital control. In 
line with our desire to create a simple system, we will report on two of the simplest 
analog systems for amplitude and frequency control. 
In Figure 6-1, the block diagram shows the sensor and two types of sensor circuits, with 
two outputs to the valve and control circuit The sensor is driven at a constant current, 
is, with a constant current limiting diode. The voltage across the sensor changes with 
its temperature, Ts, since its resistance, Rs, varies with temperature, according to the 
linear relationship 
(eq.6) 
where Ro is the resistance at a reference temperature To, and a is the temperature 
coefficient. The voltage, V sensor = is Rs is the input to the control circuitry, assuming 
that the input impedance is very large compared to Rs. Since Rs is on the order of 200 
a, and the input impedance to an operational amplifier acting as a buffer is greater 
than 20 MO, this condition is easily satisfied. The control circuitry drives the valve, 
opening and closing it depending on the amount of LMF sensed and/ or the 
temperature measured by the sensor. Opening or closing the valve changes the amount 
of liquid let into the evaporator, and thus the amount LMF at the exit, thus altering the 
output of the sensor. The time response of the system will determine the stability of the 
controller. For most evaporators, the length of the channel plus the thermal mass of the 
evaporator is expected to slow the response sufficiently that no instabilities should 
occur. The control system itself can also be adjusted to ensure stable operation. 
Our desire is to create a simple and very low-cost sensor. The use of more 
sophisticated sensor circuits and controllers may be used by system designers, as 
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desired. Of course, circuit design can be done in numerous ways. The consideration of 
all the possibilities, and which could provide the most benefit, is beyond the scope of 
this work. 
The simplest circuit and control method is to utilize the steady-state voltage, VDC, 
across the sensor, as shown in the top portion of Figure 6-1. The output after the buffer 
is smoothed with an averaging circuit element. The resulting DC signal can then be 
scaled by employing an adjustable voltage divider, shown by Rpot4 and R4. The VDC 
signal therefore, is proportional to the temperature of the sensor. As discussed 
previously this can be significantly higher than the free stream temperature, or can 
approach the saturation temperature, Tsat, given by the saturation pressure, Psat, 
depending on the liquid mass fraction, LMF. It can not be lower than Tsat. The 
simplest control method is to compare VDC output to a preset value, VP.S., and to 
adjust the valve openings until the set point is reached. A simple proportional 
controller closes the valve as VDC - VP.s. decreases. The initial condition assumes that 
the sensor temperature is greater than T sat. A simple proportional controller can be 
realized using a one-sided differential op-amp, such that VDC > VP.s. will give a 
positive voltage, which opens a normally closed micro-valve, such as one made by 
Redwood MicroSystems shown in. Figure 6-2. H VDC should drop below VP.s., a zero 
output results, thereby keeping the valve closed. When the valve closes, the LMF 
drops, raising the temperature of the exit stream and thus the temperature and voltage 
of the sensor. A benefit for such a method, besides ease and low cost, is that one of the 
aims of using an active controller is to reduce the superheat leaving the evaporator, 
thereby increasing the efficiency of the total system. Using the VDC signal gives the 
direction that opening or closing the valve has on Ts - Tsat. However, VDC does not 
explicitly give information on the amount of liquid present in the evaporator stream, or 
if any maldistribution between plates is occurring. Also, changing load can also change 
the temperature and LMF of the exit stream off the preset point, thereby moving the 
system off the best operating point. Whether such a shift is significant depends on the 
system and how far off the set point is from the optimum conditions. 
Both of these objections can be alleviated by introducing the frequency content in the 
sensor signal. As discussed earlier, the sensor output develops an AC component when 
liquid is present in the evaporator stream. Figure 6-3 shows how the AC component of 
the sensor voltage initially grows rapidly with increasing LMF, until it peaks at 0.4% 
LMF, and then falls to near zero for all LMF greater than 0.75%. The value of LMF at 
which the peak occurs depends on the superheat temperature, and also the amount of 
is2 Rs self-heating of the sensor. As discusse~ before, the higher the is2 Rs heating, the 
higher the LMF will be at the peak V AC value. Since we are interested in the total 
value related to the power being dissipated by the sensor, the "rms" value is the 
desired quantity with which to control the LMF. A slightly more complicated circuit 
than for the DC value is needed to extract the AC signal, and convert it to a root-mean-
square signal. The circuit shown in the bottom half of Figure 6-1 has an AC converter, 
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which strips off the DC component of the signal and leaves the AC. The output from 
the converter is then transformed to a true V ACrms, which is always positive, and is 
related to both the frequency and magnitude of the AC component. The V ACms signal 
is then scaled by an adjustable voltage divider, as with the VDC signal. 
To utilize the output of the V AC, the control scheme needs to find the peak value. 
V ACrms, unlike VDC, does not give the temperature of the sensor. In fact, it is 
relatively insensitive to the temperature and velocity of the free stream, as well as 
pressure fluctuations which change T sat. Therefore, the V ACrms peak is quite robust 
for determining when a small amount of liquid is present in the evaporator stream. By 
combining the AC and DC signals, both the LMF and temperature with respect to the 
saturation temperature can be found. To illustrate these concepts, consider Figure 6-3 
in which VDC, V ACrms, and a combination of the two are shown. The combined signal 
is simply the VDC signal plus a constant (in this case,S) times the V ACrms signal. The 
AC signal is amplified in order to implement the control strategy. The combined signal 
at their peak clearly shows that both a direction in temperature and LMF can be 
predicted. If we consider the output of the sensor as a function of temperature minus 
T sat, we need to consider the action of the valve on the LMF. If we set the valve to open 
linearly with Ts - Tsat, which is determined by VDC, then the amount of refrigerant 
flow through the evaporator increases as VDC increases. As the valve opens, the 
temperature of the superheated exit stream will decrease for a given heat load, thereby 
acting to reduce the valve opening. Such control does not ensure that liquid will or will 
not be present in the stream, unless we use a known preset value to shoot for, as 
previously discussed. However, if we now add V ACrms the voltage will increase with 
the presence of liquid, thereby acting to open the valve more. If too much liquid is then 
ejected into the exit stream, both the V ACrms and VDC values will be reduced, thereby 
acting to close the valve. The result will be that both T s - T sat and LMF will be 
minimized simultaneously, which is the goal of the project. Of course, the peak in 
V ACrms can be used by itself to robustly select an output of a preset value of LMF 
leaving each plate of the evaporator, by simply varying the output of each valve until 
the peak is reached. This routine can be accomplished with simple step and hold 
routines. It should be noted that VDC is virtually free, if V ACrms is found, so more 
sophisticated routines are possible, at minimal additional cost or complication. 
To realize the control strategy to utilize both VDC and V ACrms, several different 
methods can be used. One of the most promising is to use a hill-climbing routine with 
a low-cost microprocessor that costs a couple of U.S. dollars. If a gang of multiple 
valves and sensors are used for a multiplate evaporator, the cost to include 
sophisticated control for a typical 50 plate evaporator is less than 5 cents per plate. The 
potential savings in performance is orders of magnitude higher; thus such a method 
should be considered for large systems. The hill-climbing routine will search for the 
peak in V ACrms, so that the desired small amount of LMF from each plate at the output 
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is reached, thus ensuring that maldistribution is minimized. With the VDC signal, the 
overall mass flow through the evaporator can be adjusted to the load so that the 
difference in Ts - Tsat is minimized without causing unstable operation and an overall 
increase in LMF, thus ensuring that the lowest amount of superheat is achieved, saving 
on energy costs by increasing the amount of time the unit is cycled off, or by reducing 
the total amount of refrigerant compressed. 
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7 
FEASIBILITY OF MICRO-HEAT-PUMPS 
With the advent of MEMS fabrication techniques, there is interest in creating micro-
fabricated vapor-compression heat-pumps for heating and cooling. Miniaturizing heat-
pumps, however, raise important issues that must be addressed including: the 
theoretical efficiency of a micro-heat-pump for a given thermodynamic cycle; the 
design pressures, fluids, and expected power consumption; and how an effective 
micro-heat-pump be made with affordable materials. We have conducted an initial 
investigation of differing competing cycles for use in micro-heat-pump configurations. 
For the relatively low-temperature lift applications of space heating, we have 
concluded that the standard Rankine vapor-compression cycle should be employed 
using a distributed system of mesoscale heat-pumps. The mesoscale is larger than 
standard MEMS devices, but smaller than normal scale systems. By utilizing some 
MEMS fabrication technology, combined with layered manufacturing, we can conclude 
that the fabrication of an efficient, low-cost mesoscale heat-pump is potentially feasible, 
based on a similar cooling system as discussed below. 
A distributed system of light-weight, tPtra-efficient mesoscopic heat-pumps are being 
developed, which can be economically mass-produced to create a flexible cooling 
material. By combining innovative layered mesoscopic fabrication techniques with a 
scale-efficient vapor-compression cycle, an integrated mesoscopic cooler circuit (or 
IMCC) can have potential improvements in cooling performance of 5 times over small 
normal scale systems. The process combines polyimide/thin film layers with silicon-
based electro-mechanical device fabrication. A network of flexible, electrically 
powered IMCCs approximately 120mm (4.7") square and 3mm « 1/8") thick may be 
used to create a cooling system for a wide range of military and commercial 
applications. An important application is the cooling of military personnel on active 
duty in hot dessert climates. The IMeC can also be used in reverse, or can be made 
with reversing valves to make it into a heat-pump. A planar heat-pump can be used 
for a wide range of other applications, including: space heating and cooling of light-
weight temporary structures, such as tents; space heating and cooling of transport 
containers; as an addition to normal scale systems to provide spot cooling or heating. 
The key technological advancements arising from the IMCC project include: (i) a 
mesoscopic vapor-compression cycle with potentially 5 times greater Coefficient of 
Performance (COP) and 1/3 the weight than the smallest normal-scale coolers; (ii) a 
compressor that can achieve the relatively high-pressures and volumetric flow rates 
that make this performance increase possible; (iii) a low-cost, polymer-based layered 
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processing technique for integrating disparate components into a mass-producible 
system. 
Below are some specifications for the IMCC which are of interest for heat-pump 
applications. Note that the IMCC is designed to be flexible and made from polymers. 
Rigid versions made from extruded aluminum are also possible for the construction of 
low-cost heat-pumps. Higher temperature lifts are of course possible, with the 
subsequent reduction in COP. The IMCC is intended to provide: 
1. Distributed cooling power: up to 300 W for an individual under exertion in a > 40°C 
environment, using integrated active and passive systems. 
2. Low energy and power consumption: Coefficient of Performance 
{COP = Qcooling/Wwork in} of at least 4 (with a potential up to B) ,requiring a 
maximum power consumption of 75W. (30W potential) for 300 W of heating or 
cooling .. 
3. Low weight: less than 3.5 kg (BIb) distributed over the body, and a vest weight of 
<2.0kg (4.5Ib). 
4. Mass-producible in cost effective manner: wafer-scale fabricated and bonded 
assemblies in a layered manufacturing method; rigid components bonded to flexible 
fabric and polymers in a manner that allows robust operation. 
A summary of the design objectives for an individual IMCC unit are given in Table 7-1. 
Table 7-1 
IMCC Design Objectives 
total thickness < 3 mm (1/8") 
individual IMCC size 12 cm (4.7") square 
weight per unit area < 1.2 kg/m2 (1/4 Ib/ft2) 
w/o fabric overlay 
individual cooling power 1 t04W 
individual power consumption 0.25 to 1 W 
total cooling power of vest up to 150 W 
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Time series of evaporator and test section temperatures for run 12; 
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Time series of evaporator and test section temperatures for run 13; 
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Time series of evaporator and test section temperatures for run 14; 
superheat = 8.6°C; LMF = 0.58% 
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Time series of evaporator and test section temperatures for run 15; 
superheat = 8.6°C; LMF = 0.71% 
45 50 
45 50 
-o-Trout 
........ Tmix 
-o-Tglass 
~Trin 
--Trout 
........ Tmix 
-o-Tglass 
-o-Trin 
Time Series Plots of System Temperatures Using Secondary Evaporator to Induce Maldistribution 
14 
12 
5' 10 
~ 
Q) 
... 
::J 
iii 
... 
Q) 
a. 
E 
Q) 
I-
8 
6 
4 
2 
0 
0 5 
Figure A-16 
10 15 20 25 
TIme [sec] 
30 35 40 
Time series of evaporator and test section temperatures for run 16; 
superheat = a.3°C; LMF = 1.04% 
14 
12 
5' 10 
~ 
~ 
::J 
-as ... 
Q) 
a. 
E 
Q) 
I-
8 
6 
4 
2 
0 
0 
Figure A-17 
10 20 30 
TIme [sec] 
40 50 
Time series of evaporator and test section temperatures for run 17; 
superheat = a.2°C; LMF = 1.27% 
45 50 
60 
-O-Trout 
--Tmix 
~Tglass 
~Trin 
-O-Trout 
--Tmix 
~Tglass 
-o-Trin 
A-9 
Time Series Plots of System Temperatures Using Secondary Evaporator to Induce Maldistribution 
14 
12 
010 
e..... 
~ 
~ 8~~~~~~~ra~~~~~~~~~~~~~~~~~ 
CD 
~ 6 
t! 
4 
2 
o+---------+---------+---------+---------+---------+-------~ 
o 10 20 
Figure A·18 
30 
Time [sec] 
40 50 
Time series of evaporator and test section temperatures for run 18; 
superheat = 8.4°C; LMF = 1.47% 
14 
12 
010 
e..... 
e 
::J 
~ 
CD 
Co 
E 
CD 
I-
A-10 
8 
6 
4 
2 
0 
0 
Figure A·19 
10 20 30 
Time [sec] 
40 50 
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Time series of temperatures at 40Hz sampling rate for run 2; 
superheat = 11.9°C; LMF = 0.41% 
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Figure 8-3 
Time series of temperatures at 40Hz sampling rate for run 3; 
superheat = 11.8°C; LMF = 0.60% 
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Figure 8-4 
Time series of temperatures at 40Hz sampling rate for run 4; 
superheat = 11.7°C; LMF = 0.81 % 
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Figure 8-5 
Time series of temperatures at 40Hz sampling rate for run 5; 
superheat = 11.5°C; LMF = 1.11% 
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Figure 8-6 
Time series of temperatures at 40Hz sampling rate for run 6; 
superheat = 11.6°C; LMF = 1.37% 
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Figure 8-7 
Time series of temperatures at 40Hz sampling rate for run 7; 
superheat = 11.7°C; LMF = 1.61% 
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Time series of temperatures at 40Hz sampling rate for run 8; 
superheat = 11.3°C; LMF = 2.65% 
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Figure 8-9 
Time series of temperatures at 40Hz sampling rate for run 9; 
superheat = 10.4°C; LMF = 0% 
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Figure 8-10 
Time series of temperatures at 40Hz sampling rate for run 10j 
superheat = 10.0°Cj LMF = 0.32% 
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Figure 8-11 
Time series of temperatures at 40Hz sampling rate for run 11 j 
superheat = 9.9°Cj LMF = 0.61 % 
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Figure 8-12 
Time series of temperatures at 40Hz sampling rate for run 12; 
superheat = 9.7°C; LMF = 1.28% 
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Figure 8-14 
Time series of temperatures at 40Hz sampling rate for run 14; 
superheat = 8.6°C; LMF = 0.58% 
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Figure 8-15 
Time series of temperatures at 40Hz sampling rate for run 15; 
superheat = 8.6°C; LMF = 0.71% 
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Figure 8-16 
Time series of temperatures at 40Hz sampling rate for run 16; 
superheat = 8.3°C; LMF = 1.04% 
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Figure 8-17 
Time series of temperatures at 40Hz sampling rate for run 17; 
superheat = 8.2°C; LMF = 1.2'rYo 
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Time Series of System Temperature at 40hz Sampling Rate 
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Figure 8-18 
Time series of temperatures at 40Hz sampling rate for run 18; 
superheat = 8.4°C; LMF = 1.47% 
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Figure B-19 
Time series of temperatures at 40Hz sampling rate for run 19; 
superheat = 8.4°e; LMF = 2.03% 
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FREQUENCY SPECTRA COMPARISON OF 
EVAPORATOR EXIT SENSORS FOR SIMULATED 
MALDISTRIBUTION RUNS 
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Figure C-1 
Frequency spectra of evaporator exit sensors for run 1; 
superheat = 11.6°C; LMF = 0% 
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Frequency Spectra Comparison of Evaporator Exit Sensors for Simulated Maldistribution Runs 
80 
70 
60 
50 CD 
'C -Tsensor1 
::l 
-°c 40 -Tglass 
C) 
as 
~ 30 
20 
10 
0 
0 2 4 6 8 10 12 14 
Frequency [Hz] 
Figure C-2 
Frequency spectra of evaporator exit sensors for run 2; 
superheat = 11.9°C; LMF = 0.41% 
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Figure C-3 
Frequency spectra of evaporator exit sensors for run 3; 
superheat = 11.SoC; LMF = 0.60% 
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Figure C-4 
Frequency spectra of evaporator exit sensors for run 4; 
superheat = 11. ~C; LMF = 0.81 % 
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Figure C-5 
Frequency spectra of evaporator exit sensors for run 5; 
superheat = 11.5°C; LMF = 1.11 % 
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Frequency Spectra Comparison of Evaporator Exit Sensors for Simulated Maldistribution Runs 
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Figure C-6 
Frequency spectra of evaporator exit sensors for run 6; 
superheat = 11.6°C; LMF = 1.37% 
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Figure C-7 
Frequency spectra of evaporator exit sensors for run 7; 
superheat = 11.7°C; LMF = 1.61% 
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Frequency Spectra Comparison of Evaporator Exit Sensors for Simulated Maldistribution Runs 
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Figure C-8 
Frequency spectra of evaporator exit sensors for run 8; 
superheat = 11.3°C; LMF = 2.65% 
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Figure C-9 
Frequency spectra of evaporator exit sensors for run 9; 
superheat = 10.4°C; LMF = 0% 
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Figure C-10 
Frequency spectra of evaporator exit sensors for run 10; 
superheat = 10.0°C; LMF = 0.32% 
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Figure C-11 
Frequency spectra of evaporator exit sensors for run 11; 
superheat = 9.9°C; LMF = 0.61% 
16 18 20 
16 18 20 
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Figure C-12 
Frequency spectra of evaporator exit sensors for run 12; 
superheat = 9.7°C; LMF = 1.28% 
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Figure C-13 
Frequency spectra of evaporator exit sensors for run 13; 
superheat = 8.6°C; LMF = 0% 
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Frequency Spectra Comparison of Evaporator Exit Sensors for Simulated Maldistribution Runs 
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Figure C-14 
Frequency spectra of evaporator exit sensors for run 14; 
superheat = 8.6°C; LMF = 0.58% 
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Figure C-15 
Frequency spectra of evaporator exit sensors for run 15; 
superheat = 8.6°C; LMF = 0.71% 
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Frequency Spectra Comparison of Evaporator Exit Sensors for Simulated Maldistribution Runs 
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Figure C-16 
Frequency spectra of evaporator exit sensors for run 16; 
superheat = 8.3°C; LMF = 1.04% 
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Figure C-17 
Frequency spectra of evaporator exit sensors for run 17; 
superheat = 8.2°C; LMF = 1.27% 
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Frequency Spectra Comparison of Evaporator Exit Sensors for Simulated Maldistribution Runs 
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Figure C-18 
Frequency spectra of evaporator exit sensors for run 18; 
superheat = 8.4°C; LMF = 1.47% 
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Figure C-19 
Frequency spectra of evaporator exit sensors for run 19; 
superheat = 8.4°C; LMF = 2.03% 
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